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Sensory adaptation in bacterial chemotaxis is mediated by covalent modification of chemoreceptors. Specific
glutamyl residues are methylated and demethylated in reactions catalyzed by methyltransferase CheR and
methylesterase CheB. In the well-characterized chemosensory systems of Escherichia coli and Salmonella spp.,
efficient modification by either enzyme is dependent on a conserved pentapeptide sequence, NWETF or
NWESF, present at the extreme carboxyl terminus of high-abundance chemoreceptors. To what extent is
position at the extreme carboxyl terminus important for pentapeptide-mediated enhancement of adaptational
modification? Is this position equally important for enhancement of both enzyme activities? To address these
questions, we created forms of high-abundance receptor Tsr or Tar carrying one, six, or eight additional amino
acids extending beyond the pentapeptide at their carboxyl termini and assayed methylation, demethylation,
deamidation, and ability to mediate chemotaxis. In vitro and in vivo, all three carboxyl-terminal extensions
reduced pentapeptide-mediated enhancement of rates of adaptational modification. CheB-catalyzed reactions
were more affected than CheR-catalyzed reactions. Effects were less severe for the complete sensory system in
vivo than for the minimal system of receptor and modification enzymes in vitro. Notably, extended receptors
mediated chemotaxis as efficiently as wild-type receptors, providing a striking example of robustness in
chemotactic systems. This could reflect compensatory reductions of rates for both modification reactions,
mitigation of effects of slower reactions by the intertwined circuitry of signaling and adaptation, or tolerance
of a range of reactions rates for adaptational modification. No matter what the mechanism, the observations
provide a challenging test for mathematical models of chemotaxis.

Sensory cells adapt to the continued presence of a stimulus.
In bacterial chemotaxis the molecular basis of this adaptation
is covalent modification of chemoreceptors, methylation, and
demethylation of specific glutamyl residues in the cytoplasmic
domains of these transmembrane proteins (9, 10, 19). A ded-
icated methyltransferase, CheR, uses S-adenosylmethionine to
create carboxyl methyl esters at methyl-accepting glutamyl res-
idues. A dedicated methylesterase, CheB, hydrolyzes those
esters, recreating the original carboxylate and releasing meth-
anol. CheB is also a deamidase. Two of the four to six methyl-
accepting sites in the receptors of Escherichia coli are created
by CheB-catalyzed deamidation. In the well-characterized che-
motaxis systems of E. coli and Salmonella enterica serovar Ty-
phimurium, the efficiency of adaptational modification cata-
lyzed by CheR and CheB is strongly dependent on a specific
amino acid sequence present as the final five, carboxyl-terminal
residues of one class of chemoreceptors, the high-abundance
receptors (5, 38). In the current study, we have investigated the
consequences of perturbing one feature of this sequence: its
position at the very end of the receptor.

Chemoreceptors form complexes with the chemotaxis-spe-
cific histidine kinase CheA and a Src homology domain 3-re-
lated coupling protein CheW, enhancing an otherwise low rate
of kinase autophosphorylation and providing phosphoryl
groups for transfer to two response regulators, CheY and
CheB (9, 10, 19). Phospho-CheY binds the flagellar motor and

determines the direction of rotation. CheB is phosphorylated
on its regulatory domain, activating its catalytic domain. Bind-
ing of chemoattractant to receptor reduces kinase activity and
thus cellular levels of phospho-CheY, resulting in altered ro-
tational bias and altered swimming. However, these changes
are short-lived, because an increase in ligand occupancy also
initiates the feedback loop of adaptation. Stimulated receptors
accumulate methyl groups through a combination of a reduced
cellular level of phospho-CheB and occupancy-specific activa-
tion of methyl-accepting sites. Increased methylation creates a
compensatory change in the receptor-kinase complex that re-
stores CheA activity to its null, receptor-activated state even
though the increased level of attractant persists. Control of
receptor methylation and demethylation determines steady-
state cellular behavior, the ability of the chemosensory system
to provide exact adaptation over a wide dynamic range, and the
process of molecular memory. Thus, the means by which re-
ceptor modifications are modulated are of great interest.

Efficient adaptational modification of chemoreceptors
depends on the presence of a conserved pentapeptide se-
quence, asparagine-tryptophan-glutamate-threonine-phenylal-
anine (NWETF in the single-letter code), or its variant
NWESF (5, 38). These sequences are found in natural recep-
tors only at the extreme carboxyl terminus, a position distant
from sites of modification (Fig. 1), and occur in the high-
abundance receptors, Tsr, Tar, and Tcp, but not the low-abun-
dance receptors, Trg and Tap. Low-abundance receptors as
well as high-abundance receptors with the pentapeptide se-
quence eliminated by truncations or altered by mutations are
inefficiently methylated, demethylated, and deamidated (5, 17,
23, 25, 30) and are ineffective on their own at mediating tactic
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response and directed movement (16, 17, 20, 36, 39). Such
receptors mediate effective taxis only with the assistance of
NWETF-containing receptors (16, 17, 20, 36). Adding a se-
quence ending in the pentapeptide to the carboxyl terminus of
low-abundance receptor Trg greatly enhances modification by
both CheR and CheB in vivo (17) and in vitro (4, 26).

The pentapeptide interacts with and enhances the enzymatic
action of methyltransferase CheR and methylesterase/deami-
dase CheB in distinctly different ways. In the case of methyl-
ation, the sequence binds with a �2 �M Kd (38) to a small
�-sheet subdomain of the carboxyl-terminal, catalytic domain
(14) and enhances methylation activity by serving as a docking
site that increases enzyme concentration near the methyl-ac-
cepting sites (38). In contrast, binding of pentapeptide to CheB
has a �150 �M Kd (3), occurs at the junction of the amino-
terminal domain and the linker between domains (6), and
enhances methylesterase activity allosterically, apparently by
an effect on the chemoreceptor substrate (3).

To what extent is the position of the pentapeptide at the
extreme carboxyl terminus of a chemoreceptor important for
enhancement of adaptational modification? Is this location
equally important for enhancement of both enzyme activities?
To address these questions, we created forms of high-abun-
dance receptors Tsr and Tar carrying extensions beyond their
natural carboxyl termini and tested methylation, demethyl-
ation, and deamidation in vitro and in vivo, as well as the ability
to mediate chemotaxis as the sole chemoreceptor species in the
cell.

(Initial aspects of this work were submitted in partial fulfill-
ment of the requirements for an M.S. in Biochemistry at Wash-
ington State University by W.-C. Lai.)

MATERIALS AND METHODS

Strains and plasmids. E. coli K-12 strains CP362 (32), CP553 (11), and
RP3098 (33) are deleted, respectively, of the genes for all four methyl-accepting
chemotaxis proteins, those chemoreceptor genes plus cheR and cheB or flhA
through flhD, thus eliminating expression of all chemoreceptor and che genes.
Plasmids pCT1 (18) and pNT201 (8) carry the tsr and tar genes, respectively,
under the control of modified lac promoters and also carry the lacIq gene,
providing a means of controlled expression of the chemoreceptor genes. pAL79
and pAL61 (5), carrying tsr�pp and tar�pp, respectively, were constructed by
introducing a stop codon by PCR-based mutagenesis at the fifth-to-last codon of
the receptor gene in pCT1 and pNT201, respectively. We used PCR-based
mutagenesis of pCT1 and pNT201 to create plasmids pAL41 and pAL67, coding,
respectively, for Tsr�1, the receptor with a single cysteine added to its carboxyl
terminus, and Tar�6, with six histidines added to the receptor carboxyl terminus.
In an initial attempt to create pAL41, the mutagenic oligonucleotide mistakenly
lacked a “T”, creating a frame shift that created pAL40, coding for Tsr�8, Tsr
with a carboxyl-terminal extension of eight amino acids (VNRHENAR in the
single-letter code).

In vitro assays of modification. Methylation, demethylation, deamidation, and
receptor-mediated CheA kinase activity were assayed in vitro as described pre-
viously (5), with the modifications noted below, using membrane vesicles pre-
pared from CP553 harboring the relevant plasmid and grown in Luria broth plus
a concentration of isopropyl-�-D-thiogalactopyranoside that provided maximal
production of the receptor, 0.5 mM for plasmids, that coded for Tsr or its
derivatives and 1 mM for Tar plasmids. Approximately 50% of vesicle-borne

FIG. 1. Extensions beyond the carboxyl-terminal, modification-en-
hancing pentapeptide. A. Cartoon of a chemoreceptor dimer (receptor
dimer), the methyltransferase (CheR), and methylesterase (CheB).
The molecules are shown as ribbon diagrams based on three-dimen-
sional structures of CheR (15) and CheB (13) and on a model of a
chemoreceptor based on three-dimensional structures of receptor
fragments (22). The modification-enhancing pentapeptide sequence at
the carboxyl termini of receptors is marked by an oval and arrows from
the aligned sequences in panel B. The two horizontal lines indicate the
cytoplasmic membrane. Sites of adaptational modification on the che-
moreceptor are marked by balls. B. Aligned carboxyl-terminal amino
acid sequences of E. coli Tar (TarE) and Tsr (TsrE) and of Salmonella
Tar (TarS), Tsr (TsrS), and Tcp (TcpS). The modification-enhancing
pentapeptide sequences at the carboxyl termini of each high-abun-
dance receptor are marked by a shaded box. Other sequence identities
are marked by a black background and sequence similarities are boxed.
C. Diagrams of sequences of wild-type chemoreceptors (Tar/Tsr), vari-

ants deleted of the pentapeptide (Tar�pp/Tsr�pp), and variants with
carboxyl-terminal extensions (Tsr �1, Tar �6, Tsr �8). The added
amino acids are indicated with the one-letter code. Membrane-span-
ning segments are marked by hatched boxes and sites of adaptational
modification by black dots.
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receptors were oriented with their cytoplasmic domains accessible from the
exterior, as determined by maximal extents of methylation or deamidation.
Methylation and demethylation assays were performed using 0.125 �M modifi-
cation enzyme. CheA, CheW, and CheB were purified, and lysates containing
CheR were prepared as described previously (4, 6). For demethylation experi-
ments, membrane vesicles carrying previously methylated receptors were incu-
bated for 10 min at room temperature, and the reaction was initiated by addition
of a solution of phosphoramidate, KCl, MgCl2, and CheB, which had been
incubated together for 30 s. Final concentrations were 2 �M [3H]methyl group
(�5 �M receptors), 10 mM KCl, 25 mM MgCl2, 50 mM phosphoramidate, 0.25
�M CheB. Initial rates of methylation and demethylation in vitro or in vivo were
determined from fits over periods sufficiently brief that the extent of modification
was linear as a function of time or, as necessary, by fits of exponential rises to a
maximum or falls to a minimum. Deamidation experiments were performed
using 5 �M total receptor in membrane vesicles, 0.5 �M CheB, 10 mM MgCl2,
and 15 mM phosphoramidate.

In vivo assays of receptor modification. For in vivo assays of receptor modi-
fication, we used derivatives of CP362 harboring a receptor-encoding plasmid
and grown in the absence of inducer in H1 minimal salts medium plus 0.2%
ribose (16, 17, 20, 36, 39). Quantitative immunoblotting (27) revealed that in
these growth conditions Tar, Tar �6, and Tar�pp were produced at a level
�75% the content of total receptors in the corresponding strain wild type for
chemotaxis. Tsr, Tsr �8, and Tsr �1 were produced at approximately the same
level as total receptors in a wild-type cell, and Tsr�pp was present at a twofold
higher level. Labeling with [3H]methyl groups was performed as described pre-
viously (17), with the following changes. Washed cells were equilibrated with
rotary agitation at �200 rpm. L-[methyl-3H]methionine was added to a final
concentration of 1.5 �M. Samples, including one taken before addition of a
stimulant, contained 7.5 � 107 cells and were mixed with ice-cold trichloroacetic
acid at a final concentration of �10%. After sodium dodecyl sulfate (SDS)-
polyacrylamide gel electrophoresis and immunoblotting with a receptor-specific
antiserum, regions of the immunoblot corresponding to all receptor species were
excised, and receptor methylation was quantified by alkali hydrolysis and diffu-
sion of the released methanol (12). For in vivo demethylation, cells were incu-
bated with 1.5 �M L-[methyl-3H]methionine for 15 min, a receptor-specific at-
tractant was added (10 mM �-aminoisobutyrate for Tsr or 25 mM succinate for
Tar), incubation was continued for an additional 30 to 60 min, and repellent was
added. Exposure to attractant for a time sufficient to allow adaptation provided
an initial level of methylation from which repellent-induced reductions could be
easily monitored. Samples were taken and modification was assayed as in the
assay for methylation.

Behavioral assays. Assays for formation of chemotactic rings and for accumu-
lation in capillaries containing chemoeffectors were performed as described
previously (17, 35), using plasmid-harboring derivatives of CP362 grown as for in
vivo assays of receptor modification. Capillary assays for attractants were per-
formed using suspensions at 1 � 106 to 4 � 106 cells/ml, concentrations at which
accumulation in a capillary containing a specific attractant concentration is
proportional to the cell concentration in the suspension (1). Thus, accumulations
in capillaries measured on different days were normalized to a standard cell
concentration. Assays of responses to repellents were done as described previ-
ously at substantially higher cell concentrations, in the order of 0.5 � 108 to 1 �
108 cells/ml (35), which are required to obtain reliable results but at which
accumulation is not proportional to cell concentration. Thus, normalization was
not performed.

RESULTS

To investigate the functional importance of the position of
the modification-enhancing pentapeptide sequence NWETF at
the extreme carboxyl terminus of a chemoreceptor, we created
forms of high-abundance receptors Tsr and Tar extended by
additional residues after the pentapeptide (Fig. 1C). These
were Tsr with an additional cysteine at its carboxyl terminus
(Tsr�1), Tsr extended by an arbitrary sequence of eight resi-
dues (Tsr�8), and Tar with six histidines added after NWETF
(Tar�6). The activities of these receptors were compared
those of the respective wild-type receptors (Tsr and Tar), and
their truncated derivatives deleted of the pentapeptide
(Tsr�pp and Tar�pp).

Adaptational modification in vitro. We assayed in vitro
methylation, demethylation, and deamidation of wild-type,
truncated, and extended forms of Tsr and Tar (Fig. 2 and 3).
Initial rates of methylation and demethylation were measured
using radiolabeled methyl groups, and deamidation was as-
sessed using the shifts in electrophoretic mobility of a receptor
that occur when a glutamine at a methyl-accepting site is de-
amidated (21, 29). The data in Fig. 2B and 3 are for demeth-
ylation and deamidation catalyzed by the phosphorylated form
of CheB, generated by the presence of phosphoramidate. We
also performed parallel measurements of the two reactions
catalyzed by CheB in the absence of phosphorylation. Rates
were lower, but similar patterns of differences between the
receptor forms were observed (data not shown). For methyl-
ation, demethylation, and deamidation, extensions past the
pentapeptide sequence reduced rates to values intermediate
between the wild-type and pentapeptide-deleted receptor,
even if the extension was as short as a single residue. The
extent of reduction was different, depending on the extension,
receptor, and modification assayed. There was not a consistent
relationship between extension length and extent of reduction.
However, effects were greater for the CheB-catalyzed reactions
of demethylation and deamidation than for CheR-catalyzed
methylation and greater for Tar than for Tsr.

We assayed our membrane preparations of wild-type, trun-
cated, and extended forms of Tsr and Tar for the ability to
activate the kinase activity of CheA and to modulate that
activity upon ligand occupancy using the standard assay for
formation of phospho-CheY. As reported previously (5, 17, 23,
25, 30), we observed that deletion of the pentapeptide did not
significantly alter the ability of either high-abundance receptor
to activate kinase activity or to reduce that activity upon at-
tractant binding. This was also the case for the three carboxyl-
terminal extensions (data not shown).

Adaptational modification in vivo. We investigated effects of
the carboxyl-terminal extensions on adaptational modification
in vivo, measuring methylation after stimulation by an attract-
ant and demethylation after stimulation by a repellent. Cells
containing a wild-type, truncated, or extended form of Tar or
Tsr as the sole methyl-accepting chemotaxis protein were
treated with radiolabeled methionine to establish steady-state
labeling of methyl groups on the receptors, stimulated with
attractant or repellent, and receptor methylation was moni-
tored over time (Fig. 4) using the vapor diffusion method (12).
Carboxyl-terminal extensions reduced in vivo rates of methyl-
ation after attractant stimulation and rates of demethylation
after repellent stimulation in a pattern parallel to that ob-
served in vitro, but the reductions were less extreme. CheB-
catalyzed demethylation was reduced more than CheR-cata-
lyzed methylation, and effects were more extensive for Tar
than for Tsr. The combination of these differences resulted in
essentially no effect of Tsr extensions on methylation, only on
demethylation. As observed in vitro, effects of carboxyl-termi-
nal extensions on in vivo rates of modification did not vary
directly with the length of the extension. As would be expected
for effects on rate, after sufficient time modification of the
extended forms of the high-abundance receptors attained a
steady-state level similar to that of the wild-type receptor (data
not shown).
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Chemotactic response to spatial gradients. We tested effects
of carboxyl-terminal extensions of Tar and Tsr on the ability of
those receptors to mediate chemotaxis by observing the for-
mation of chemotactic rings in semisolid agar plates in spatial
gradients of attractants (Fig. 5) or repellents (data not shown).
In this commonly used assay, there were only modest or no
differences between wild-type and extended forms of the che-
moreceptors. Next we utilized the more demanding capillary
assay (1). In this assay, microcapillaries containing an attract-
ant were placed in a suspension of cells containing only buffer
or microcapillaries containing buffer were placed in a suspen-
sion of cells containing a repellent. Thus, cells moving up a
gradient of attractant or down a gradient of repellent would
both accumulate in the capillary. Carboxyl-terminal extensions
past the pentapeptide had no significant effect on chemotactic
accumulations in capillaries in response to either attractants or
repellents (Fig. 6).

DISCUSSION

We found that maximal enhancement of the reactions of
adaptational modification by the pentapeptide NWETF re-
quired that this sequence be the final residues at the carboxyl
terminus of a chemoreceptor. Receptors with carboxyl-termi-
nal extensions past the pentapeptide exhibited rates of modi-
fication lower than a wild-type receptor but higher than the low
rates for receptors deleted of the pentapeptide. The effect was
greater for CheB-catalyzed modifications than for CheR-cata-
lyzed methylation, greater for the minimal in vitro system of
membrane-embedded receptor plus enzyme than for the com-
plete sensory system in vivo, and greater for receptor Tar than
for receptor Tsr. In spite of lower rates of adaptational mod-
ification, receptors with carboxyl-terminal extensions mediated
chemotaxis as effectively as a wild-type receptor. These obser-
vations are discussed below.

Effects on CheR and CheB actions. Reductions of rates of
pentapeptide-enhanced methylation by carboxyl-terminal re-
ceptor extensions (Fig. 2A) were consistent with a deduction
from the three-dimensional structure of a CheR-pentapeptide

FIG. 2. Methylation and demethylation in vitro. Line graphs show
representative time courses and bar graph inserts show mean values of
initial rates (three or more independent experiments), normalized to
the respective wild-type forms of the receptor, for methylation cata-
lyzed by CheR (A) and demethylation catalyzed by phospho-CheB (B).
Assays were performed on high-abundance receptors that were wild-
type (Tsr and Tar or WT in bar graphs), deleted of the carboxyl-
terminal pentapeptide (Tsr�pp and Tar�pp or � in bar graphs), or
extended by a single cysteine (Tsr�1 or 1 in bar graphs), a sequence of
eight arbitrary residues (Tsr�8 or 8 in bar graphs) or six histidines
(Tar�6 or 6 in bar graphs). No other chemotaxis components were
present in these assays. Initial rates were determined by linear fits to
the data except for demethylation of Tsr and Tar, for which we used an
expression for exponential rise to a maximum. Error bars are standard
deviations.

FIG. 3. Deamidation in vitro. The figure shows representative im-
munoblots of samples of membrane-embedded receptors taken at the
indicated times after addition of phospho-CheB. Forms of Tsr and Tar
are labeled as in Fig. 2. No other chemotaxis components were present
in these assays. Positions of unmodified (U) and deamidated receptors
(D) are indicated. Unmodified receptors were in the form encoded by
wild-type receptor genes, two glutamines at methyl-accepting sites.
Deamidation at one site reduced electrophoretic migration in SDS-
polyacrylamide gel electrophoresis, and deamidation at both sites
caused a greater reduction, corresponding to the two bands migrating
above the unmodified form that is the only species present at time �
0. Unmodified receptors with fewer or more residues migrated slightly
more rapidly or slightly more slowly than the wild-type protein.
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complex (14). In that structure, a glutamine side chain of CheR
(Gln-182) formed a hydrogen bond with the carboxyl group of
the carboxyl terminus of the pentapeptide. The authors sug-
gested that this bond contributed to binding of CheR and
pentapeptide and that it would not form if the receptor were
extended past the pentapeptide carboxyl terminus. Thus, car-
boxyl-terminal extensions should reduce binding affinity and
presumably methylation rate. We observed reductions in rates
of methylation (Fig. 2A and 4A). The reduced rates were still
greater than rates for receptors lacking the pentapeptide, con-
sistent with important contributions to CheR activation and
presumably binding energy made by the tryptophan and phe-
nylalanine side chains of the pentapeptide (14, 34), which
would still occur in receptors carrying carboxyl-terminal exten-
sions.

FIG. 4. Methylation and demethylation after stimulation in vivo.
Line graphs show representative time courses (methylation) or data
from several experiments (demethylation), and bar graph inserts show
mean values of initial rates (methylation) or rate constants (demeth-
ylation) from three or more independent experiments, normalized to
the respective wild-type forms of the receptor. Forms of Tsr and Tar
are labeled as in Fig. 2. Methylation (A) was measured after stimula-
tion with a saturating concentration of attractant (10 mM serine for
forms of Tsr or 10 mM aspartate for forms of Tar) and demethylation
(B) measured after stimulation with a saturating concentration of
repellent (70 mM leucine for forms of Tsr or 100 �M nickel sulfate for
forms of Tar). The cells contained chromosomally encoded levels of
Che proteins and the indicated receptor, as the single kind of receptor
in the cell, expressed at a level approximating the cellular content of
receptors in a wild-type cell (see Materials and Methods). Initial rates
of methylation were determined by linear fits to the data, and rate
constants of demethylation were determined by fitting the data to
exponential decay to a new steady-state value. Error bars are standard
deviations. WT, wild type.

FIG. 5. Chemotaxis to metabolically generated gradients of attract-
ants. Cells as for Fig. 4 were inoculated into semisolid agar plates
containing a limiting amount of a single metabolizable attractant,
serine (Ser) for Tsr, aspartate (Asp) or maltose (Mal) for Tar, or a
mixture of metabolizable attractants, tryptone (Tryp), containing both
serine and aspartate, and formation of chemotactic rings monitored
over time of incubation at 35°C. Panel A shows images of plates
containing serine (left panel) or aspartate (right panel) after �10 h of
incubation. Panel B shows plots of mean rates of ring movement (three
or more independent measurements) normalized to the rate of cells
containing the respective wild-type forms of Tsr (left panel) or Tar
(right panel). Error bars are standard deviations. Asterisks indicate
that no distinct ring formed (e.g., Tar�pp in panel A). WT, wild type.
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Less is known about the details of interaction between CheB
and the pentapeptide, but it is notable that carboxyl-terminal
receptor extensions resulted in greater reductions in enhance-
ment by the pentapeptide for CheB-catalyzed than for CheR-
catalyzed reactions. This differential effect adds to the list of
differences between interactions of CheR and CheB with the
NWETF sequence. The differential effect might reflect differ-
ent locations of pentapeptide binding (6, 13) and thus different

contributions of features of the pentapeptide to binding inter-
actions, different affinities (3, 38), different mechanisms for
enhancing enzyme action (3, 38), or a combination of factors.

A caution about carboxyl-terminal extensions of chemore-
ceptors. Studies of chemoreceptors can be facilitated by plac-
ing additional residues at their carboxyl termini. Such exten-
sions include a single cysteine to provide a reactive sulfhydryl
for receptor-specific labeling, six histidines to provide a nickel-
binding site for purification, and large entities like derivatives
of green fluorescent protein to monitor cellular localization.
We found that extensions of a single cysteine, six histidines, or
eight arbitrary residues reduced enhancement of CheR- and
CheB-catalyzed rates of modification. The implication is that
similar reductions would be caused by extensions we did not
test. Furthermore, the most commonly used general test for
function of an altered chemotaxis component, mediation of
chemotactic ring formation by intact cells, did not reveal the
defects we identified by testing for specific aspects of receptor
function, and neither did the more demanding capillary assay.
Investigators using receptors with carboxyl-terminal extensions
need to be aware of the likelihood of reduced rates of adap-
tational modification and that general assays of chemotactic
function will probably not reveal these defects.

Robustness. Amino acid extensions past the NWETF inter-
action site reduced the extent to which the pentapeptide en-
hanced rates of adaptational modification (Fig. 2 to 4) but had
little or no effect on receptor-mediated cellular migration in
spatial gradients of an attractant or repellent (Fig. 5 and 6).
This apparent contradiction can be understood as an example
of the robustness in the chemotactic system (2). Several fac-
tors, not mutually exclusive, could contribute to this robust-
ness. It might be that the slowed rates of methylation and
demethylation are sufficiently compensatory that the sensory
system still functions effectively. This is a possible explanation
for the performance of Tar �6, for which in vivo rates of both
methylation and demethylation were intermediate between the
wild-type and pentapeptide-deleted forms of the receptor. It is
a less attractive explanation for the performance of the ex-
tended forms of Tsr, for which in vivo rates of methylation
were approximately the same as for the wild-type receptor, but
in vivo rates of demethylation were reduced. For these ex-
tended receptors, and perhaps also for the extended form of
Tar, the intertwined circuitry of signaling and adaptation in the
relevant time frame of a few seconds (7) might mitigate the
consequences of slower adaptational modification to provide
effective chemotactic migration. In fact, in cells containing the
complete circuitry receptor (Fig. 4), carboxyl-terminal exten-
sions had less effect than in mixtures containing only receptor
and enzyme (Fig. 2). Also, receptor clusters, which require
CheA and CheW (28), might sequester the modification en-
zymes (24) and thus reduce the impact of lowered affinity at
the pentapeptide site. Finally, it is possible that CheR- and
CheB-catalyzed reactions can perform their crucial physiolog-
ical functions over a range of absolute rates, and the reduced
rates we observed in vivo are within those windows. For in-
stance, a receptor alternation that resulted in a threefold ex-
tension of tumble duration, presumably reflecting reduced rate
of demethylation, did not reduce chemotactic efficiency but
instead resulted in more efficient migration in an attractant
gradient (37). Whatever the contributing factors, the robust-

FIG. 6. Chemotaxis to diffusionally generated gradients of attract-
ants and repellents. Cells as for Fig. 4 were tested for accumulation in
microcapillaries containing the indicated attractants from a cell sus-
pension in buffer (A) or for accumulation in microcapillaries contain-
ing buffer from a cell suspension containing the repellent glycerol (31).
Error bars are standard errors for three or more independent exper-
iments.
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ness we have documented for rates of adaptational modifica-
tion provides an interesting and potentially challenging test of
mathematical models of bacterial chemotaxis.
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